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Infrared observations of asteroids have made possible key steps 
in our understanding of asteroids. The list of accomplishments 
includes: diameters, albedos, surface morphology and surface 
composition. Current topics of interest include the presence 
of water of hydration on Ceres, the presence of mixtures of 
silicate and metallic phases, and the state of development of 
asteroidil regoliths which range from rocky (1580 Betulia) to 
lunar-like {e.g. , Ceres, Vesta). We review these accomplish- 
ments critically and assess the advantages which can be ob- 
tained by pe>"forming infrared observations from Earth orbit and 
from interplanetary spacecraft. 


REFLECTED RADIATION 


Introduction 


The measurement of reflectances at wavelengths between 1 and 4 urn yields important 
information about asteroid surface composition and the processes by which these surfaces 
may have been modified. Further, it more than doubles the wavelength range over which 
asteroids may be compared with available reflectivity data for meteorites and other labora- 
tory samples. As a result, it is possible to classify asteroids better and to devise more 
precise tests for hypotheses about their surface compositions. 

The need for asteroid photometry at wavelengths longer than 1 pm was first recognized 
as a result of laboratory investigations into the bulk reflectance properties of meteorite 
samples (Johnson and Fanale, 1973; Chapman and Salisbury, 1973; Gaffey, 1974, 1976). These 
works showed that meteorites as a group exhibited a large range in infrared reflectance. 

This should also be true for asteroids with meteorite- type compositions. Furthermore, it 
was argued that high spectral resolution would not be essential because for many meteorites 
the infrared reflectances (particularly those for the carbonaceous chondrites and the irons) 
do not vary sharply with wavelength in the 1 to 3 urn interval. But, even when bands 
(arising from solid state transitions in minerals) were present, the features were observed 
to be typically 0.5 pm or more in width. Therefore, existing astronomical infrared band- 
passes and, more important, existing systems of standard stars are suitable for asteroid 
photometry . 
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The first asteroid stuc^y with this technique was carried out by Johnson et at (IQ’^S) 
who observed Ceres, Pallas and Vesta. They were able to use published V bandpa'.s p'mtom- 
etry for these asteroids to derive the asteroidal reflectances at 1.25, 1.65 iind 2 2 m. 
However, they noted that simultaneous visual wavelength photometry would be necessary for 
any other asteroids observed by this technique because of the large uncertainties in the 
instantaneous apparent visual magnitude due to (1) lightcurve, (2) aspect, an.' (ol pha.e 
effects. Chapman and Morrison (1976) and Leake et al. (1978, have reported J, H, ind K 
photometry for 433 Eros and about a dozen other asteroids. Veeder et at . (1976. 19 7, 

1978) have observed 30 asteroids at 0.56, 1.6 and 2.2 uni and derived the relative infrared 
reflectances for these objects. Lebofsky (1977) has extended this technique to 3.45 urn 
for Ceres. 

Photometry and spectroscopy are complementary techniques. For example, over ’ast 
several years the sensitivity of infrared astronomical interferometers has increased dramat- 
ically. Such an instrument has been applied to the asteroids and high resolution scectra 
of 4 Vesta, 433 Eros, and 1 Ceres are now available (Larson and Fink, 1975; Larson et al., 
1976; Feierberg et al., 1977). These spectra allow precise band centers to be determined 
and as such are very important for compositional identifications. Based on the statistics 
of asteroid types (Chapman et al., 1975; Zellner and Bowell, 1977), we estimate that more 
than 80" of the asteroids will exhibit infrared spectral reflectances which are essentially 
linear. In these cases the main task is to determine the slope of the spectrum by photom- 
etry. The remaining asteroids, especially if they have apparent bands or peculiarities in 
their photometry or spectrophotometry, become prime candidates for high resolution infrared 
spectral investigations. 

The purpose of this section of this paper is to assess the state of asteroid infrared 
reflectance measurements and the advantages offered by Earth orbit and spacecraft observa- 
tions. The second section deals with thermal radiation emitted by the asteroids and the 
third section discusses future observations of asteroids from space. 


InftMred Photometry 

The available infrared reflectance data for asteroids have been drawn together in 
Tables 1 and 2. The only published reflectances at 1.25 pm are those of Johnson et al . 
(1975). However, magnitudes published by Chapman and Morrison (1976), Leake et al. (1978), 
and Lebofsky (1978) are used here together with the observations of the same asteroids by 
Veeder et al. (1976, 1977, 1978) and solar data from Jo.mson et al. (1975) to compute 
1.25 pm reflectances. The method by which this was done is described in footnote 3 of 
Table 1. 

Figure 1 shows the infrared results for three asteroids and the 0. 3-1.1 pm spectro- 
photometry published by Chapnv'n et at. (1973). Vesta has a relatively high infrared re- 
flectance, while the infrared reflectanc s of Ceres and Pallas are distinctly flat or low. 

A hie' infrared reflectance compared with that at 0.55 pm is tmical of many silicate min- 
erals vind rocks (Hunt and Salisbury, 1970) and most meteoritic .naterials (Chapman and 
Salisbury, 1973; Gaffey, 1974, 1976). On the other hand, flat infrared curves such as 
those of Ceres and Pallas are unusual for ordinary terrestrial rocks, but are apparently 
common in the asteroid belt. Johnson and Fanale (1973) found that some carbonaceous chon- 
drites and laboratory mixtures of carbon black and silicates have flat spectral reflec- 
tances as well as low albedos. The scaled reflectance plot (Figure 1) allows direct com- 
parison with spectral features of meteorites without confusion from slight overall albedo 
differences due to laboratory methods, grain size, or sample packing characteristics. 

Care must be taken, of course, to compare materials with generally similar albedos; for 
example, pure enstatite and carbon black have similar visual reflectance spectra but 
greatly different albedos. 
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Table 1. Infrared Reflectances 


Asteroid 



\ 



Type®*^ 

Footnot 


1 . iifn 

l.( 

pm 

2.2 

pm 



1 Ceres 

0.90 t 0.09 

0.99 

f 0.09 

1.08 

• 0.09 

C 

1 



0.94 

d 0.13 

1,03 

• 0.10 


4 

2 Pallas 

1.05 • 0.09 

0.97 

• 0.09 

1 .05 

• 0.09 

c 

1 



0.79 

• 0.08 

0.83 

• 0.08 


4 

3 Juno 


1.10 

• 0.10 

l..id 

• 0 10 

s 

4 

4 Vesta 


1.18 

« o.r 

1.29 

* 0.14 


1.8 



1.10 

• L. • 

1.1b 

• 0.07 


4 

5 As trace 

1.15 • 0.16 

1.25 

.• 0.10 

1.30 

• 0.15 

s 

3,4 

6 Hebe 

1.15 • 0.15 

1.21 

! 0.09 

i . 30 

• 0.12 


3.- 

/ Irii 

1.16 I 0.10 

1.31 

• 0.09 

1 44 

• 0.09 

s 

3.4 

8 1 lora 

1.25 ! 0.12 

1.42 

• 0 10 

1.55 

• 0.11 

s 

4,10 

•> Metis 


1.27 

‘ 0.09 

1.45 

• 0.10 

s 

4 

10 Hygiea 


0.96 

t 0.07 

1.06 

• 0,10 

c 

4 

12 Victoria 


1.51 

‘ 0.12 

1.72 

• 0.13 

s 

4 

14 Irene 


1.39 

• 0.08 

1.52 

• 0.10 

s 

4 

IS Cunomla 

1.21 I 0.09 

1.24 

• 0.08 

1.38 

• 0.08 

s 

4,10 

16 Psyche 


1.14 

* 0.09 

1.37 

• 0.10 

M 

4 

19 Fortuna 


0.97 

• 0.11 

1.10 

• 0.11 

c 

4 

20 Massal la 


1.28 

• 0.09 

1.39 

• 0.10 

5 

4 

22 Kail lope 


1.14 

♦ 0.12 

1.46 

• 0.14 

M 

4 

27 Euterpe 


1.2b 

• 0.11 

1.37 

• 0,10 

S 

4 

39 LaetUia 


I.. 38 

• 0.08 

1.49 

• 0.08 

5 

4 

40 Harmonia 


1 . ,38 

‘ 0.11 

1.46 

- 0.11 

S 

4 

43 Ariadne 


1.44 

• 0.12 

1.47 

< 0.19 

s 

4 

44 Nysa 


1.03 

• 0.12 

1.15 

• o.n 

E 

4 

51 Nemausa 


1.24 

• 0.13 

1.28 

• 0.10 

C 

4 

63 Ausonia 


1.50 

• 0,10 

1.70 

< 0.12 

S 

4 

129 Antliione 

1.02 • 0.10 

1 . 28 

0.07 

1.45 

• 0.08 

M.’ 

3.4 

192 Nauslkaa 


1.47 

• 0.07 

1 . 62 

< 0 10 

s 

4 

230 Athamantis 


1.33 

• 0.15 

1 . o 

• 0.14 

s 

4 

349 Oembowska 


1..38 

• 0.10 

1.57 

• 0.14 

. 

4.9 

3S4 Eleonora 


1.48 

• 0. 14 

1 .P9 

• 0.16 

5 

4 

433 Eros 

1.3 J 0.14 

1.5 

< 0,1 

1.7 

• 0.1 

5 

'> "1 
L a 

511 Davida 

0.85 • 0.11 

1.03 

* 0.08 

1.19 

• 0,0;! 

C 

3.4 

1976AA 




1.5 

• 0 3 
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Fig. 1. Normalized spectral reflectances 
for 1 Ceres, 2 Pallas, and 4 Vesta, com- 
pared with laboratory data for several 
meteorites. The 0.03-1.1 urn asteroid 
data are those of Chapman et al. (1973). 
Meteorite curves are from Johnson and 
Fanale (1973), Chapman and Salisbury 
(1973), and Gaffey (1974, 1976). The 
bars near the top indicate the full width 
at half-minimum of the infrared bandpasses. 
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Infrared reflectance data are quite useful for asteroid classification; Matson 
at aZ. (1977a). This can be shown in one way by plotting the visual geometric albedo ver- 
sus ^*”’1 Figure 2. On this plot the C asteroids are clearly separated from 

the others. The cluster of points to the right contains not only S but also the M aster- 
oids 16 Psyche and 22 Kalliope. Several peculiar asteroids stand out on this plot. 

4 Vesta is the best understood in that it is known to have a basaltic surface. E asteroid 
44 f(ysa has a very high albedo, perhaps in excess of 0.3 or 0.4 Uellner, 1975; Morrison, 
1977a, c), but has an Rx(2.2 ym) otherwise characteristic of C asteroids. Zellner (1975) 
and Zellner al . (1977c) have suggested that Nysa is of an enstatite-achondrite-like 
composition. ^ Pallas and 51 Nemausa represent the extremes of low albedo asteroids ob- 
served in the infrared. The data of Fu;ure 2 suggest that we are seeing either a surface 
compositional or a surface morphological sequence within both the C and b classes. 



0.9 l.o 1.1 1.2 1.3 1 4 l.J 1.6 1 7 1.8 

Rx «2.2/4(nl 

Fiq. 2. Geometric albedo vs. relative reflectance at 2.2 urn. The albedos 
were determined by the radiometric method and are from Morrison (1974, 
1977a), and Morrison and Chapman (1976). Typical error bars (estimated 
relative error) are indicated. The asteroid types are defined by Chapman 
(i7. ( 1975). Use of radiometric albedos from Hansen (1976a, 1977) or 
polarimetric albedos from Zellner and Gradie 0976) would also result in 
a similar diagram. 


From an inspection of Table 1 it is obvious that asteroios that have large values of 
R\(1.6 vim) also have high values of R\(2.2 urn). This is illustrated by plotting the two 
reOectances in Figure 3. Once again the C and S objects arc separated. The meteorites, 
which are natural samples from space, provide a logical set of objects for comparison with 
the telescopically observed asteroids. Using the laboratory data of Gaffey (1974, 1976) we 
plot the relative infrared reflectances of meteorite samples in Figure 3. 
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Fig. 3. Comparison of asteroid and meteorite data on a color 
plot: Rx(2.2 urn) versus Rx(1.6 urn). The asteroid data are 

from Veeder et al. (1978). The meteorite data are from 
Gaffey (1974, 1976). While the meteorites plotted here are 
unlikely to be fragments from any of the asteroids shown, 
they do provide a set of natural compositional hypotheses. 

For example, the reddest asteroids fall among the data for 
iron and mesosi derite meteorites. It now appears that the 
known space weathering processes do not operate significantly 
to redden asteroids. Thus, the presence of a metallic phase 
is strongly suggested (Matson et al., 1977b). As one can see 
in the above plot, several compositional hypotheses appear 
able to explain the 1.6 and 2.2 urn infrared reflectance data. 
Further optical tests will help to distinguish between them, 
or perhaps will point to a closely related composition not 
currently represented in the meteorite sample. This has al- 
ready proved to be the case for Vesta. 


The meteorite data more than span the range of the asteroid data. There are carbona- 
ceous chondrites which are as low in infrared reflectance as 2 Pallas and «^here are irons 
and mesosiderites which exceed the redness of the reddest known asteroids. Note that all 
of the meteorites which are as red as the reddest asteroids have a significant metallic 
phase. However, when Figure 3 is considered in detail it remains obvious that there are 
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asteroids which do not correspond to any of the meteorites thus far measured. On the 
other hand, there are clear examples of types of meteorite materials which have not yet 
been observed telescopically. The olivine achondrites provide a case in point. 

It may be significant that the carbonaceous chondrites do not exactly coincide with 
the C asteroids. The C asteroids tend to be redder, having a higher reflectance at 2.2 wm 
relative to their 1.6 um reflectance than the corresponding meteorites. This effect cannot 
be easily explained by reddening the reflectance curve due to particle or grain size effects. 
Johnson and Fanale (1973) measured meteorite reflectances as a function of grain size. Ex- 
amination of their data for the C2 meteorite Mighei, for example, shows that this type of 
reddening would move the plotted meteorite data along the trend of the meteorite data al- 
ready plotted in Figure 3 and not perpendicular to it. There is also the possibility that 
the meteorite spectra have been affected somewhat by Earth weathering (Gaffey, 1976). Of 
course, the sample of meteorite data is not complete. Furthermore, there are cases of 
samples of the same meteorite being considerably different. The Cl meteorite Orgueil pro 
vides such an example. The effect of phase on R\(1.6 um) and Rx(2.2 um) has been investi- 
gated by Veeder et al. (1978). They find no significant variation. This led them to the 
conclusion that the 1.6 and 2.2 um phase coefficients are similar in magnitude to that in 
the visual. Color dependent photometry calibration, or the H-K solar color, might be in 
error by 0.1 magnitude and cause the C asteroids not to coincide with the carbonaceous chon- 
drites, but we do not think that this is a very likely possibility. Zellner nt al. (1975) 
have also noticed a similar effect in the UBV data. Thus, we are not yet able to detail the 
nature of the differences in terms of either composition or morphology, although the general 
agreement in albedo and shape of the reflectance spectrum between C asteroids and carbona- 
ceous meteorites remains evidence that they are compositional 1y similar. 

Space weathering or the alteration of surface optical properties on a planetary object 
as a result of exposure to the space environment has been a source of concern ever since it 
was realized that the lunar soils are different from the optical properties of rocks or rock 
powders. The effect of maturation on the optical properties of lunar soils is a systematic 
darkening and "reddening," or steepening of the reflectance spectrum continuum. At the op- 
tically "young" stage are the fresh crystalline rocks and powders, as seen in the laboratory 
and in the rims of fresh, young craters on the Moon. These rocks exhibit high albedos and 
reflectance spectra which are typically flat and have one or more electronic absorption 
band: (see Adams and McCord, 1971). At the optically "mature" end of the scale are the mare 
soils having low albedos and very red reflectance spectra without strong bands. 

The optical maturation of asteroid regoliths has been studied by Matson rt al. (1977b) 
and compared with the lunar example. They found; (1) that space weathering has not signifi- 
cantly altered asteroid optical properties; (2) that the most probable reasons for this fact 
relate to the lack of optically mature impact regoliths on low gravity objects; and (3) that 
within this context comparisons of asteroid spectra with powdered (but "unweathered") meteor- 
ite and other rock samples are valid. 

Recently a search for absorption bands due to H-O on asteroid surfaces has been ini- 
tiated by Lebofsky (l'w’7, 1978). In the 3-4 wavelength region of Ceres’ spectrum he 
found evidence for the presence of water of hydration (see Table 2 and Figure 4). This 
spectral feature was confirmed subsequently by Feierberg .-f al . (1977). in Figure 4 the 
results have been rescaled to Rj.rs " 0-^^ (f^o.st ' plotted along with the shorter 

wavelength data on Ceres (Chapman al . , 1973; Johnson of al . , 1975). The normalized re- 
flectances of three different meteorites have also been plotted for comparison. An absorp- 
tion feature can clearly be seen in the Ceres spectrum and aopears to be centered around 
3 nm. Also, the general shape and depth of the curves in the 3-4 vmi region are fairly simi- 
lar to that of the Type II carbonaceous hondrite Murchison and differ significantly from 
the other carbonaceous chondrites. Comp rison with other laboratory spectra of meteorites 
confirms the similarity to the spectra of Type II carbonaceous chondrites. Analogy with C2 
composition suggests the presence of abr 10-15v water in the form of water of hydration 
on the surface of Ceres. This is the first evidence of water in the surface material of an 
asteroid. 
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Fig. 4. Comparison of the spectrum of Ceres with three laboratory 
spectra of carbonaceous chondrites, scaled to 1.0 at V. The 2.5- 
4.0 um spectra are unpublished data from Salisbury: (1) Orgueil, 

Cl. 0.3-2. 5 um, Johnson and Fanale (1973); (2) Murchison, C2. 0.3- 
2.5 pm, Johnson and Fanale (1973); (3) Karoonda, C4. 0.3-2. 5 um, 
Gaffey (1974). Ceres data from 0. 3-1.1 um are from Chapman et al. 
0973). Infrared data for Ceres are from Lebofsky (1978). The 
two sets of points at 3.43 and 3.45 um give upper and lower limits 
after removal of thermal flux. 


Infrared Speatroeoopy 

Advances in infrared detector technology and availability of large astronomical tele- 
scopes have made it possible to apply the techniques of Fourier transform spectroscopy to 
asteroids. So far, Vesta (Larson and Fink, 1975), Eros (Larson et al., 1976) and Ceres 
(Feierberq et al., 1977) have been observed. In the next few years a spectral resolution 
of 50 cm"* will become available for many asteroids brighter than about eleventh visual 
magnitude. 

The infrared is a key spectral region for absorption bands and the determination of 
band centers and shapes is essential to precise mineralogical identifications. Partly for 
historical reasons, the contribution thus far of infrared spectroscopy has been confined to 
performing detailed checks on compositional hypotheses formulated on the basis of other types 
of data. In the future the importance of this technique will grow as scientific interest 
demands ever more precise identifications of surface compositions. 
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THERMAL EMISSION 


Intvoduoticm 

The study of thermal emission radiation from asteroids has yielded a way to determine 
their sizes and albedos. Results are now In hand for some 200 objects. Asteroids as a 
whole are found to be larger and darker than was previously supposed. The typical Bond 
albedo of an asteroid Is a few percent. Objects this dark absorb almost all of the sun- 
light that reaches their surface. The absorbed power heats the surface and eventually 
leaves the asteroid as thermal radiation concentrated In the Infrared spectral region. 

Thus asteroids are relatively easy to detect at wavelengths of 10-20 ym. 

To a first approximation, the thermal emission from an asteroid surface has a black- 
body wavelength distribution (Glllett and Merrill, 1975; Hansen, 1976b). However, for 
the purpose of size determination, the range of available phase angles Is not adequate to 
determine the angular distribution of Infrared radiation, and thus photometric- thermal 
models must be constructed In order to account for thermal emission in the directions which 
cannot be observed from the Earth. The size and albedo of the asteroid are derived us- 
ing such models to equate the solar insolation with the sum of the total thermal emission 
power and the power of the scattered sunlight. For a spherical asteroid the balance be- 
tweei Incoming and outgoing radiation may be represented by: 

2ti n 

itR2(1 - A)S = 6 c 0 R2 j I T‘*(e,(f) sin (ji d^ de (I) 

° 0 0 

where R Is the radius of the asteroid, A is the bolometric Bond albedo, Sq Is the solar 
constant, 6 Is a normalization constant (of order unity) whose value is determined by the 
angular distribution of the thermal emission, e is the emissivity, a is the Boltzmann con- 
stant, T(e,*) Is the temperature at a point on the surface at longitude e and latitude 
The Earth and Sun are both In the equatorial plane of the coordinate system at e=0, 4i=0. 

Photometry of thermal emission from asteroids has been obtained by Low (1965, 1970), 
Allen (1970, 1971a), Matson (1971a, b), Crulkshank and Morrison (1973), Morrison (1973, 

1974, 1976, 1977a), Morrison and Chapman (1976), Morrison et al. (1976), Hansen (1976a), 
Crulkshank (1977), Crulkshank and Jones (1977), and Lebofsky et al. (1978). Quantitative 
descriptions of the methods of deriving albedo and diameter from thermal Infrared observa- 
tions have been given principally by Allen (1970, 1971a), Matson (1971b), Morrison (1973, 
1977c), Jones and Morrison (1974), Hansen (1977), and Lebofsky et al. (1978). The albedos 
of asteroids determined by the radiometric method compare well with those found by the 
polarimetric method. (The polarlmetric method is an empirical relation between geometric 
albedo and the slope of the linear polarization at visual wavelengths as a function of 
phase angle (Zellner and Gradie, 1976).) Earlier differences between many of the radio- 
metric and the polarimetric diameters {af.. Chapman et al. , 1975; Hansen, 1977) have been 
resolved by the recent recalibration of the polarimetric albedo-slope relationship (af., 
Zellner et al. , 1977b, as well as Morrison, 1977c). Approximately 50 asteroids have been 
well observed by both techniques {af., review by Morrison, 1977c). A few diameters ob- 
tained from analyses of speckle Interferometry, radar, radio, lunar occultation and stellar 
occultation data agree (within their estimated uncertainties) with the radiometric diam- 
eters. The use of radar is a promising new technique in asteroid studies. Diameters have 
been derived for 433 Eros and 1580 Betulia. The radar and visual polarimetric observations 
of Betulia are interesting because they dc not result in a diameter in agreement with that 
obtained by the radiometric method. The resolution of this problem is the subject of a 
section of this paper. 

In the following sections, three photometric-radiometric models used for interpreting 
radiometric data are discussed (see Table 3). 
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fkxdiometria Model 1: Lunap-Type Surface 

The cratered surfaces of Mercury, the Moon and Mars as well as Phobos and Deimos are evi- 
dence of an intensive bombardment history. There is every reason to expect that the aster- 
oids have also been bombarded and that their surfaces are heavily cratered. This type of 
history was also experienced by some of the meteorite parent bodies as pieces of their 
surface regoliths have reached the Earth as gas-rich, brecciated meteorites (c?/. , Wilkening, 
1976; Rajan et al., 1974, 1975). 
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The larger asteroids are expected to possess well-developed regoliths. Once gravity 
differences are taken into account, ihesc r^aoliths should resemble in nany ways that of i 

the Moon. For example, the asteroid Vesta l.r in diameter) has sufficient gravity 

that more than 95i of the ejecta from impact craters Ti.i1s back to the surface. There, as j 
on the Moon, material may be reworked by subsequent impacts (Chapman, 1971, 1976, 1978, - ^ 

Matson, 1971b; Gaffey, 1974, 1976). Although asteroids are small, the above statements 
can be made with considerable certainty because mass determinations are available for 
Ceres, Pallas and Vesta (Schubart, 1974, 1975; Hertz, 1968) and because laboratory data on 
impacts into basalt (Gault ci at., 1963) can be used to provide a worst case analysis lead- 
ing to the same conclusions. This reasoning is consistent with the negative polarization 
branch of the light reflected from astero’ Is at sma’l phase angles which indicates that 
their surfaces are covered with dust. Thus, it is reasonable to assume that the surfaces • > 

of the larger asteroids are porous or particulate. f 


The lunar-type "odel was pioneered by Allen (1970, 1971a) and Matson (1971a, b) and was 
the first model used to obtain asteroid sizes and albedos from infrared photometry. Further 
development and extensive application of this model has been done by Morrison (1973, 1976, 
1977b, c), Jones and Morrison (1974), Hansen (1976b, 1977) and Chapman ct at. (1975). 

Model 1, whose paumeters are tabulated in Table 3, uses the photometric and thermal 
properties of the lunar mare to define a model for asteroid surfaces. This model corre- 
sponds to a slowly rotating body of relatively low thermal inertia. The following assump- 
tions are made: ( 1 ) isotropic emission from each surface element. ( 2 ) negligible emission 

from the non- illuminated side, (3) emissivity constant with wavelength, and (4) no conduc- 
tion of heal to depth. A closely related variant allows for the possibility of nonisotropic 
emission from surface elements on the asteroid, i.r., emission peaking toward zero phase as 
has been observed for the Moon by Saari and Shorthill (1972). This can be approximated by 
sotting 6 = 0 . 8 - 0 . 9 and leaving T(n,ij) unchanged (however, the subsolar temperature in- 
creases); cf., Jones and Morrison (1974). A recent remodel due to Hansen (1977) also 
accounts for some backside emission. The result of such corrections for nonisotropic emis- 
sion is on the order of 5-10' reduction in the derived diameter of the asteroid. 
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Table 3. Model Parameters 


Parameter 

Model 1 

Model 2 

Model 3 

» 

Analogy 

Lunar Surface 

Rock 

Iron Meteorite 


Thermal Response 

Low Thermal Inertia 

High Thermal Inertia 

High Thennal Inertia j 

1 

Rotation 

Slow 

Rapid 

Rapid 1 


(S 

1.0 

71 

7T 


Emissivity, > 

I.O 

1.0 

0.1 


T(e,o), lei < 90" 

^max 

T cos "41 

max . ^ 

"max 


|ol - 90" 

0 

T cos ■'a 

max ^ 

"max 

,#■ 
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The lunar-type model has been used to Interpret the photometry of thermal emission 
from about 200 asteroids. A recent review of this effort has been written by Morrison 
(1977c). A table of diameters appears In this volume (Morrison, 1978). Plameters of Vesta 
have been determined by three other methods. The results are compared In Table 4. 


Table 4. 

Vesta's Diameter by 

Dif.crent Methods 

Method 

Diameter 

(km) 

Reference 

Radiometry* 

538 ‘ 54“ 

Morrison (1977a) 
Hansen (1977) 

Polarlmetry 

536 ± 54 

Computed from data in 
Zellner et al. (1977c) 

Radio 

597 ± 41 

Computed from data and 
model of Conklin et al. 
(1977) 

Speckle Interferometer 

513 * 51 

Worden et al. (1978) 

‘Model 1 

“Estimated error 




Badicmetria Model 2: Rook Surface 

While the possibility of the failure of some of the assumptions used in the infrared 
method has been considered previously (Matson, 1971b, 1975), the data recently obtained fur 
1580 Betulia by Lebofsky et at. (1978) provide the first concrete example where Model 1 
does not give results consistent with those obtained by other methods. Based on a compari- 
son with the dia.neters determined from visual polarlmetric (Tedesco et al . , 1978) and radar 
data (Pettengill, personal communication), it would appear that Model 2 as describod in 
Table 3 better represents the actual temperature distribution on the surface of Betulia. 

This model would imply that the surface thermal properties are dominated by material of 
high thermal inertia (e.g. , rock). While at first this would appear to be in disagreement 
with the polarlmetric results which Indicate a dusty surface, any discrepancy would be re- 
solved, if, for example, the rock is covered with a very thin layer of dust. 

Clearly, It is possible that the surface of such a small asteroid could consist only 
of bedrock. However, it is more likely that some regolith is present. Blocks as large as 
the thermal wavelength (^.20 cm) or larger can be preset.i on the surface without significant- 
ly reducing the thermal inertia. The effect of such boulder fields has been considered 
previously in studies of lunar eclipse and lunation cooling data, where they provide an 
effective means to retain heat into the lunar night (Fudali, 1966; Allen, 1971b; Mendell 
and Low, 1975). If the polarlmetric diameter of Betulia is assumed to be correct, it is 
then possible to use the requirement of high thermal inertia to place a limit on the amount 
of fine grain material present. The limit on the areal coverage (using a linear combination 
of Models 1 and 2) of this material Is J40T (Lebofsky et al., 1978). 
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Parameters for Model 2 are indicated in Table 3 and the results are shown in Figure 5 
for representative objects in the main belt {i.e. , P = 2.7 AU). The main differencps of 
these spectra from those of Model 1 are that a significant amount of themwl emission is 
shifted to large phase angles (in particular to the night hemisphere) so that the apparent 
infrared flux observed at the Earth is reduced relative to Model 1. In additin, the 
effective temperature is lowered so that the radiation peak is shifted to sliqntly longer 
wavelengths. 
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Fig. 5. A comparison of the spectra for C and S 
asteroids (Model 2) and a metallic asteroid (Model 3) 
with radii of 1 km at a solar distance of 2.7 AU rep- 
resentative of the main belt Relatively rapid rota- 
tion with high thermal inertia results in a significant 
amount of thermal emission from the night side and a 
decrease in infrared flux observed at the Earth. Rapid 
rotation also lowers the effective temperature relative 
to Model 1 and shifts the peak of the thermal emission 
to longer wavelengths. The low emissivity characteris- 
tic of metallic surfaces increases the effective temper- 
ature and shifts the peak of the thermal emission to 
shorter wavelengths. 
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RauHometric Model 3; Iron Surface 

With modern advances in infrared technology the limiting magnitude to which astronom- 
ical objects can be observed has become much fainter. In the future advanced instruments 
such as the Infrared Astronomical Satellite, Space Telescope and other spacecraft will lead 
to other significant advances. A few years from now, it will be possible to observe main 
belt asteroids with diameters as small as tens to hundreds of meters. In this size range 
it is likely that a number of metal asteroids, analogous to the iron meteorites, will be 
discovered. In fact, some larger metal-rich objects have already been suggested on the 

basis of reflection spectroscopy (McCord and Gaffey. 1974; Gaffey and McCord, 1977; Matson 

et al., 1977a; Veeder et al., 1978). 

With these considerations in mind we have started an investigation of Model 3. Ti.is 
model corresponds to a homogeneous metal sphere. As such, it has low emissivity and very 

high thermal inertia, as indicated in Table 3 and shown in Figure 5. As in Model 2 a sig- 

nificant amount of infrared flux is emitted at large phase angles. The low emissivity 
raises the effective temperature of the model surface and shifts the radiation peak to 
shorter wavelengths. The assumption of a low albedo for such an object is as yet only a 
guess. The chief result of this exercise is to determine the gross characteristics of the 
thermal spectrum and to develop criteria for recognizing metal-rich asteroids. 


DIRECTIONS FOR FUTURE INFRARED RESEARCH 

There are a number of oroblems toward which work can be directed profitably: 

a. It is important to determine if the degree of redness (e.g., 

R\(2.2 ym) can be correlated quantitatively with the metal 
content (c/. , McCord and Gaffey, 1974; Gaffey and McCord, 

1977). 

b. The presence of significant amounts of metal has implications 
which need to be studied for the radiometric and the polari- 
metric methods of asteroid size determination. 

c. It is important to extend the size of the sample of observed 
asteroids and meteorites. For example, the Trojan asteroids 
are known to be significantly different from other asteroids, 
as well as unlike any laboratory sample (McCord and Chapman, 

1975). 

d. Theoretical studies should be conducted on the origin and 
evolution of the asteroids using the asteroid reflectance 
data as well as the meteorite data as boundary conditions. 

These and other ground-based efforts will: (1) identify interesting asteroids as 

potential targets for soacecraft missions, and (2) characterize the asteroids as a whole 
so that detailed observations from spacecraft visits to a few can be placed in proper con- 
text and be used to further understand the origin and evolution of the solar system. 

Asteroid observers in Earth-orbit will immediately have the entire thermal emission 
spectrum available to them as well as all the diagnostic bands in the infrared reflection 
spectrum. In addition, observations from space have some engineering advantages. It is 
possible to suppress thermal emission from the telescope and other instrument surfaces by 
cooling them. Atmospheric emission background no longer floods the detectors, and the 
limit in performance is lowered to the level of the zodiacal light and of the detectors 
themselves. The general levels of accuracy and precision are increased because corrections 
for atmospheric extinction are not needed. The science return from these advances is 
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expected to be great. Observations of the entire thermal emission and reflection spectra 
will Immediately result In Improved thermal models and hence more accurate albedos and 
sizes, and In better interpretations of surface composition. It will be possible to 
search for compositional information not only via the model emissivity but also directly 
by measuring any Reststrahling and Christiansen bands present. These bands are related to 
the Si:0 ratio (i.e., the degree of polymerization of the Si 04 tetrahedron) and the index 
of refraction, respectively. 

Flyby and rendezvous observations will give spatial resolution across the asteroid's 
surface. This will allow the mapping of geologic units based upon their reflection and 
thermal properties. Chief goals for spacecraft measurements of the reflected infrared 
radiation {1-5 urn) are: (1) to map the compositional units on asteroid surfaces at a 

resolution of better than 1 km for large asteroids {such as Ceres and Vesta) and at better 
than 1 m for small asteroids {1-10 km diameter), {2) to establish the variety of chemical 
species present including discrete classes and mixtures of, for example, ices, silicates, 
oxides, and metals, {3) to study the variation of the degree of hydration within individual 
units and from one asteroid to another, {4) to map the angular distribution of the scat- 
tered infrared radiation and to use this information to infer surface texture and morpho- 
logical and other properties which are otherwise not directly observable. Emitted thermal 
data obtained at large phase angles and across the terminator will yield maps of the 
thermal inertia. Strong constraints on regolith grain size will result. In addition, the 
amount of bare rock or boulders exposed will be immediately apparent. The detailed study 
of several asteroids by these methods will give the necessary absolute calibration for 
future remote infrared observations from the ground or Earth-orbit. 

In addition to the foregoing there is an experiment, conceptual in nature, that re- 
quires study and development before its imple.nentation can be assessed properly. A small 
scanning spacecraft at one of the Lagrange points of the Earth-Sun system can be used to 
search for Apollo asteroids. These objects are relatively bright in the infrared and can 
be distinguished readily from the celestial background by using their relative motion and 
spectral signatures. Such an experiment would scan a great circle on the celestial sphere, 
thus defining a plane. Any object crossing this surface woulc. be discovered, permitting 
intensive study by all available techniques. A more sophisticated experiment might in- 
clude the main belt asteroids. The scientific return from this experiment would include 
a determination of the number density of asteroids as well as identifications according to 
compositional types. 

For the near future, the most important advances from space are likely to come from 
the IRAS {Infrared Astronomical Satellite) observatory scheduled for launch in 1982. This 
satellite will be capable of carrying out a total sky survey in a number o^ infrared band- 
passes reaching to a 10 urn N magnitude of about 7 {Aumann and '/ialker, 1977). If appropriate 
data processing can be carried rut to retrieve the asteroid observations, it may be pos- 
sible to obtain radiometric diameters of essentially all of the asteroids with known or- 
bits, thus increasing our catalog of diameters by more than an order of magnitude. 
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DISCUSSION 

McCORD: Can you say whether the H 2 O bands observed on Ceres indicate water, or water of 

hydration? It is a problem not only on the asteroid, but on the satellites as well. 

MATSON; Clearly in the laboratory the spectrum of Murchison is due to water of hydration; 
whether it is water of hydration on Ceres, I don't know. 

MORRISON: I would like to make a skeptical comment concerning the use of thermal measure- 
ments to obtain compositional data. Although some information on composition is surely 
present, the fact is that no demonstration of the utility of thermal spectra has been 
made, largely due to masking of compositional effects in real objects with regolith 
surfaces. I expect asteroid thermal spectra will turn out to be nearly featureless 
blackbodies. 

VEVERKA: In your thermal models do you allow for nonspherical objects? Couldn't you 

match Betulia 's thermal spectrum by changing the shape? 

MATSON: These models assume spherical shapes. Betulia was observed for a long time over 

several nights, and the infrared lightcurve indicates that shape is not important. The 
nice thing about these lunar type models, if they work, is that the thermal conductiv- 
ity is so low that each element is virtually in instantaneous equilibrium with sunlight. 
If you put shape into the models, there might be only a 10 or 20;. difference. 

McCORD: Are you sure there is not an error in the flux measurement itself? 
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MATSON: That was my first i ction but the observations were so closely linked with 
standard stars that there is no way to question them. So we had to consider another 
model based upon the fact that Betulia is a small object and at some size one should 
start to see rocks instead of regolith. 

ARNOLD: Let me ask how thick a dust layer you are assuming in your Model 21 

MATSON: It is too thick if it becomes a thermal impediment and reduces the thermal iner- 

tia. So it has to be thick enough, at least a few microns, to get the polarization 
data but it can't be much more than a millimeter. If you had centimeters of dust, 
it would be thermally insulating and the lunar type model probably would work. 

ARNOLD: As I will say in my paper, if you are doing gamma-ray studies, the scale length 

which determines whether you are looking at the underlying rock soil or the dust is 
tens of centimeters. And if you are doing X-ray studies, the scale length is compar- 
able to that for optical measurements. 

SHOEMAKER: You couldn't distinguish a surface that was broken blocks whose dimensions are 

typically tens of centimeters from a solid. You car, have a regolith of very coarse 
blocks. 

MATSON: We see that on the Moon. A boulder field is seen as a thermal anomaly after dark. 

!t is essentially like bare rock. 

CHAPMAN: Isn't it the case that the 10 and 20 um data, which we have or can obtain, can 

really distinguish between your Models 1 and 2 a.td the metal model? 

MATSON: Yes. However, you could gain a lot if you could go above the atmosphere or into 

space and get data at about 7 um and at 30 or 50 um. Using 10 and 20 um data is harder 

because the effect isn’t as large compared to the errors in the data. 

MORRISON: I published a graph showing 10 to 20 um color indices for about 35 asteroids in 

1974. There were no anomalies. And since then I have looked at a n.uch larger sample 

amounting to almost 100 observations and have seen no anomalies of the magnitude that 

you have calculated for a pure metal model. Clearly smaller anomalies get lost. But 
it is still interesting that there is a fairly substantial set of data which do not 
show this effect. (Figure from Morrison (1974) follows.) 



H 


MATSON: When you start mixing metals and silicates it gets extremely complicated. But 

clearly if there is an asteroid with a great deal of metal on or very near the surface, 
it will be recognized by thermal radiometry. 









I 


I 


i 





{ 


\ 





